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Walther Gerlach {Miinchen), Die Anderung
des  elektrischen Widerstandes bei  der
Magnetisierung.

Fig 1 zeigt die AbhSngipheit desWiderstandes
von Niclkel von der Temperator, Man eckennt
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- B BTy ¥ - Nohree Rpmpprip e Nl
[ I Ao 13

Hroiye o KON F W RSN H‘M:ﬂ'ﬂﬂ'&lirw.ﬂ'fﬂ'@w’
Ly Hictiards B

-

Fig. 1. )
. J ! [ :
£ wmwwwwn’iwmw.ﬁway.@

F T

—-—--F’E

NI N
X PEF W A




Annalen der Physitk. &, Folge. Band 33. 1938

Ferronuzgnetisniws wnd elektrlsche Kigenschafien

IX, Mitkeilong:
Cueriepuin it tered efeffrischer Widersiarid

Yo H. Biftel wnd W. Qovricgeh

T - e —— . e B B %Lt o ———— —— -

=l L
¥ = 7

22

o(Ty

FAY
l
[ 7 .g? F 5
0\ 2
4, oZe il
£0 : p » 70 T

&0 - - i 7z

A7

&1— #ess « Brrperatvr

250 FE5e F60°

. tez Bz |
&GS oGt Jpid Wige 800 &R0




‘lmi Chemn. Sclids Pergamon Press 1958. Vol. 4, pp. 71-77.

(NOMALIES DE RESISTIVITE DANS CERTAINS METAUX
MAGNETIQUES

P, G. DE GENNES* et J. FRIEDEL{
* Centre d’Etudes Nuclézires de Saclay; T Ecole Nationale Supéricure des Mines, Paris

Abstract—The anomalous resistivity of some rare earth metals, and of alloys like AuMn, Au,Mn, is
studied by assuming a coupling between conduction electrons and atomic spins. The magnitude of
the corresponding cross section is treated as a phenomenclogical quantity. At high temperatures, the
atomic spins are at random, and the conduction electrons have a finite tnean free path. At low
temperatures, the atomic spins are zll zlined and no scattering can occur, Shott-range order effects in
the spin lattice are analysed in the Born approximation, and shown te be smail in most physical

Scattering on small-g spin fluctuations:
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VorLumMme 20, NuMBer 13 PHYSICAL REVIEW LETTERS 25 MarcH 1968

RESISTIVE ANOMALIES AT MAGNETIC CRITICAL POINTS*

Michael E. Fisher
Baker Laboratory, Cornell University, Ithaca, New York

and
J. 8. Langer

Carnegie-Mellon University, Pittsburgh, Pennsylvania
(Recelved 12 February 1968)

By general arguments it is shown that the dominant contribution to the magnetic resis-

tivity pmag of a metal is due to the short-range spin fluctuations and hence that domag/
dT should, in the static approximation, vary like the magnetic specific heat.

Argument against de Gennes/Friedel: New contribution: scattering from
short-range 2k spin fluctuations

electrons sensitive to spin coherence

only within mean free path
é—poca—U=C(T)oct_“
> cuts off singularity when £(T") ~ £ oT oT /

=» anomaly entirely due to
anomalous dimensions

specific heat exponent
what happens when (T") > £ ?




VoLume 24, Numser 10 PHYSICAL REVIEW LETTERS 9 MARCH 1970

ELECTRICAL RESISTIVITY OF NICKEL NEAR THE CURIE POINT*

F, C. Zumsteg and R, D. Parks
Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627
(Received 22 Docembar 1969)

Emphasis is placed on the temperature dependence of the magnetic resistance Rma
the region 1079%]e| £ 1077, where €= (T=T.)/T.. The temperature dependence of
dRm AdT 1s found to be the same, within experimental error, as that of the spec‘lfic
heat, buth ahove and below T.. The anomalous behavior in the region 0% e % 5 x10 iy
ported hy Craig, Goldburg, Kitchens, and Budnick is not observed.
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VOLUME %, KUMBER 9 1 MAY 19074
Specific heat and resistivity of iron near its Curie point
L. W. Shacklette

Department of Physics, Seton Hall University, South Orange, New Jersey 07079
(Received 27 December 1973)

The specific heat and the temperature derivative of electrical resistivity of Fe have been measured
simultaneously using an ac technique. The results for Fe demonstrate that the magnetic specific heat
and the temperature derivative of the magnetic contribution to the resistivity are proportional both
above and below the Curie point. The critical exponents are found to be @ = a' = —0.120 4 0.01.
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VoLuMme 23, NuMBer 2 PHYSICAL REVIEW LETTERS 14 Jury 1949  VOLUME 77, NUMBER 13 PHYSICAL REVIEW LETTERS 23 SEPTEMBER 1996

Anomalous Spin Scattering Effects in the Badly Metallic Itinerant Ferromagnet SrRuO3

EFFECT OF THE MOLECULAR FIELD ON THE ELECTRICAL
RESISTIVITY NEAR A MAGNETIC TRANSITION: GdNi,¥

M. P. Kawatra, S. Skalski, J. A, Mydosh, and J. L. Budnick
Fordham University, Bronx, New York 10458
(Received 21 May 1969)

L. Klein, J.S. Dadge, C. H. Ahn, G.J1. Snyder, T. H. Geballe, M. R. Beasley, and A. Kapitulnik
Edward L. Ginzton Laboratories, Stanford University, Stanford, California 94303
(Received 6 May 1996)

SrRuQyy is an itinerant ferromagnet with T, ~ 150 K. While the magnetization shows critical
behavior that is well fit with universal critical exponents, the temperature derivative of the resistivity
shows an unusually strong divergence as T — T with critical exponents higher than 0.9 and very
weak divergence as T — T_ . At low temperatures, the resistivity rapidly increases with temperature,
and an unusual correlation with magnetization is found. We argue that the two phenomena stem from
the fact that SrRuCy is an inherently bad metal.  [SO031-9007(96)01229-X]

We have measured the temperature dependence of the electrical resistivity of the cu~
bic, Laves-phase, ferromagnetic, intermetallic compounds GdNi,, GdPt;, and GdRh,,
and for GdNi,, we have analyzed the temperature derivative of the electrical resistivity
in the neighborhood of the magnetic transition. Above the Curie temperature our data

are very well described by the molecular-field treatment of the long-range spin fluctua-
tions of the short-range order, giving for the 1irst time an experimental result in agree- i ] i 1 T

ment with this treatment. 1.6f F L
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Diluted Magnetic Semiconductors

APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 22 | BECEMBER 2003

Capping-induced suppression of annealing effects on Ga;_,Mn,As
epilayers

M. B. Stone, K. C. Ku, 8. J. Potashnik, B. L. Sheu, N. Samarth, and P. Schiffer?
Depariment aof Physics and Maierialy Research Instituie, Pesnsylvania Staie University,
University Park, Pennsylvania 16802

(Received 11 July 2003; accepted 26 September 2003)

We have studied the effects of capping ferromagnetic Ga; _ Mn, As epilayers with a thin layer of
undoped GaAs, and we find that even a few monolayers of GaAs have a significant effect on the
ferromagnetic properties. In particular, the presence of a capping layer only 10 monolayers thick
completely suppresses the enhancement of the ferromagnetism associated with low temperature
annealing. This result, which demonstrates that the surface of a Ga, _,Mn,As epilayer strongly
affects the defect structure, has important implications for the incorporation of Ga; _ Mn,As into
device heterostructures. & 2003 Americar Institwie of Physics. |[DOL 10.1063/1.1620376]
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FIG. 1. Magnetization (a) and resistivity (b as a function of temperature
(T=5K) for amealed and as-grown 50-nm-thick Ga,  Mn,As samples.
Results shown are from series A samples with (closed symbols) and without
{open symbols) 10-ML-thick GaAs capping layers. The addition of the cap-
ping layer is shown to reduce T for both as-grown and annealed samples.
In addition. the capping layer increases the resistivity for both as-grown and
annealed samples over a significant portion of the temperature range probed.

APPLIED PHYSICS LETTERS WVOLUME &3, NUMBER 20

Enhancement of Curie temperature in Ga,_,Mn,As/Ga,_,Al As
ferromagnetic heterostructures by Be modulation doping

T. Woijtowicz®
Depariment af Physics, University of Notre Dame, Nowe Dame, Indiana 46556 and Instiute of Plysics,
Polish Academy af Sciences, 02-668 Warsaw, Poland

W, L. Lim, X. Liu, M. Dobrowolska, and J. K. Furdyna
Depariment af Physics, University af Notre Dame, Nowe Dame, Indiana 46556

K. WL Yo and W, Walukiewicz
Elecwronic Matevialy Program, Materials Sciences Division, Lawrence Berkeley National Laboratary,
Berkeley, California 94720

1. Wurgattman and J. R, Meyer
Cade 3613, Naval Research Labovatory, Washingion, DC 20375

(Received 5 May 2003; accepted 25 September 2003)
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FIG, 1. Tempaature-dependent  waro-field  resistivities g3 for
iy g WIng As/Gag 5040y 24A% hetarojunclions remotely doped with Be accap-
tors: (a) senes 1 with x= 00066, dfy.= 132 nm, and vanous T, (bl seres
2, with x=0.062, .= 1040 %C, and various .. Sample paameters and
peak resistivity values (7~ T-) are indicated. Also shown as the open
poinis in ia) are data Tor a Gag g Mng s A% epilayer with no GaAlAs bamrier
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high T,, weak disorder:
= Boltzmann approach

e “hallistic* electrons scatter
from magnetic fluctuations

* insert scattering rates into
Drude expressions

de Gennes/Friedel; Fisher/Langer etc.

low Tc, strong disorder:

= beyond Boltzmann

o fluctuating magnetization m(r) is
explored by diffusive carriers

e phase coherence up to lengths
of L,

PRL 94, 036602 (2005)



Model for £(T7) > £g

Inhomogeneous resistor network

of blocks of size L¢

=» magnetic fluctuations enter

resistivity via Kirchoff‘s laws

,°\..?~. T.'.:

IMPORTANT:

14
Al

1) compute effective resistivity

NENESES

of network

b
+
o [em

~ 2) perform average over impurity
0 and spin configurations




Cartoon model

o

Boltzmann

averaging leads to both resistors
being equal to

1/c
resistance of “network®

2/

O 1))

beyond Boltzmann

resistance of “network*

(014 02)/0100 =2/5 +
Boltzmann

extra term with
non-zero average



Effective resistivity of iInhomogeneous
conductors

inhomogeneous conductor ;. — o(r)

Ohm's law ooEg + (6o (r)dE(r))

do(r)Eqg + cgdE(r)

Jo
6j(r)

continuity V-90j=20
> 0E(q) = —qq-Egdo(q)/og
Maxwell V XO0E =0

J

analogous calculation for dielectric constant: Landau/Lifshitz



Effective conductivity: jO = o0

([6o(r)]%)

300

Oeff = 00 —

» Iindependent of geometry of conductivity variations

» dependent on magnitude of conductivity variation only



Effective conductivity due to spin
fluctuations

block-specific random impurity + spin configuration

62
do(r) ~ qub (h) og(r, Er; m(r))

due to universal conductance fluctuations

:> I (L4 CO)
eff = 00 300

Involves much-studied correlator of universal
conductance fluctuations




Two spin subbands

dominant effect of impurity spins on carriers:

effective Zeeman field from exchange interaction
proportional to the magnetization m(r)
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equal, but opposite energy shifts
FIG. 2: Sample-specific variation of g(Er) for a block of the o fOI’ Spln'up and Splﬂ-dOWﬂ Cal'rleI‘S

resistor network (universal conductance fluctuations) in the
absence of spin. The conductances for each spin direction are

obtained by including equal, but opposite exchange-induced 1T am (r)
Zeeman shifts of the Fermi energy. As indicated, this leads to

a difference in the conductances for the two spin directions.




Deviation from Boltzmann resistivity independent of

‘// magnetization

2 3
peft —p0 = 573 {([89(r, B + am(@)I?) + (g (r, Bp — am(r)))?)

¢

+2(6g(r, Ep + am(r))dg(r, Ep —am(r)))}}
critical temperature dependence with  (E.g. Lee, Stone, Fukuyama)
contained in this correlator F(z) = F(0) { (22—;5:22) i i 1
F(am(r)/Ec)
2,03
= 9 |F(zg) — F'(z0)zo

: Peff — PO 3Lq25 _
2p3 [

average w/ Landau 3 L2
functional ¢ L

m(r) — (m2(r))l/?

stronger, mean-field singularity than Fisher/Langer or de Gennes/Friedel !!



Strong spin-orbit scattering

opposite sign compared to two spin subbands
=» anomaly is increase In resistivity



Summary

2
d*p In d”p 732 (disorder induced)
dTZ de
' (de Gennes/Friedel)
with SO §T)~ 1 In ¢t
coupling
0 - :
S (D)~ 1 !
;”i without SO coupling

FIG. 3: Resistive anomaly within mean-field theory for Ly ~
¢ (schematic) with (full line) and without (dashed line) SO
coupling. The anomaly is described by the de Gennes-Friedel
mechanism for £(7") < ¢, while the disorder-induced mecha-
nism of this paper dominates closer to T. where {(71") > L.
When L, > [/, there is an additional intermediate regime.
Inset: anomaly with SO coupling in a log-log plot.

Scenario:

* magnetic fluctuations lead to
Inhomogeneous resistor network
(conductance fluctuations)

e enter resistivity through Kirchoff

e stronger singularity at T,

Relevant to

 low Curie temperature

e strong disorder



